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We investigate the temperature and doping dependence of the optical conductivity σ(ω) of
Nd2−xCexCuO4 in terms of magnetic/lattice polaron formation. We employ dynamical mean-field
theory in the context of the Holstein-t-J model where an exact analytical solution is available in
the limit of infinite connectivity. We show that the pseudogap features in the optical conductivity
of this compound can be associated to the formation of lattice polarons assisted by the magnetic
interaction.
Understanding the phase diagram of high-Tc supercon-
ductors still represents, twenty years after their discov-
ery, one of the main challenges in this field. One of
the reasons of such difficulties relies on the fact that
different interactions are simultaneously operating, in-
volving different degrees of freedom. On one hand, ev-
idences are gathering, from different experimental tech-
niques, about a relevant role of the electron-lattice in-
teraction [1, 2, 3, 4, 5]. On the other hand, short-
range antiferromagnetic (AF) correlations, ruled by the
exchange coupling J , are still present in the normal
state even when true long-range AF ordering is de-
stroyed. The interplay between these two kinds of in-
teractions has been recently pointed out in undoped and
weakly doped cuprates, where angle-resolved photoemis-
sion spectroscopy (ARPES) revealed a broad high-energy
peak well distinguished from the quasi-particle states
with vanishingly small spectral weight [6, 7]. The broad-
ness of such peak has been interpreted in terms of a multi-
phonon Franck-Condon structure typical of a lattice po-
laron, superposed on the dynamics of a single hole in the
t-J model [6, 7, 8, 9, 10]. The validity of this scenario
at finite doping, and its relation with the pseudogap ob-
served by means of different techniques is however not
clear.
Among the different families of copper oxides, electron-
doped cuprates represent the most suitable systems
where to investigate the interplay between magnetic and
lattice polarons. This is because, unlike hole-doped sys-
tems, the long-range AF ordering extends up to quite
large doping levels δ ≈ 0.14, so that the relative impor-
tance of long-range vs. short-range magnetic correlations
can be more clearly addressed. The optical conductivity
(OC) of the electron-doped compound Nd2−xCexCuO4
has been systematically analyzed as function of tempera-
ture and doping in Ref. 12. There, a mid-infrared (MIR)
shoulder associated with a pseudogap state has been ob-
served in the spectra at finite doping. Quite interestingly,
they observed: i) a shift of the MIR peak towards lower
frequencies upon increasing δ, corresponding to a pseu-
dogap closing with doping; ii) a filling of the pseudogap
upon increasing the temperature; iii) the absence of any
signature of the Ne´el temperature in the temperature
evolution of the pseudogap spectral weight (defined as
the spectral weight in the region between the MIR shoul-
der and a low-energy infrared cut-off ωmin ≃ 0.12 eV),
whereas a remarkable non-monotonic kink is present at
a higher temperature T ∗. The latter feature suggests a
prominent role of short-range correlations in governing
the observed spectral properties.
A detailed theoretical study of the polaron features
in the optical conductivity of one hole in the Holstein-
t-J model, using dynamical mean-field theory (DMFT),
has been recently reported in Ref. [11]. In this Letter,
we apply such approach to analyze the optical data of
electron-doped cuprates Nd2−xCexCuO4 (NCCO), where
exhaustive measurements as function of both tempera-
ture and doping are available [12]. We show that the
optical conductivity in these compounds can be natu-
rally interpreted in terms of spin/lattice polarons re-
sulting from the joint positive cooperation between the
electron-phonon (el-ph) and magnetic exchange interac-
tions [11, 13]. In this framework we are able to explain
the existence of a pseudogap in the optical spectra, as
well as its evolution with doping and temperature. From
the comparison between theory and experiments we es-
timate a value for the local el-ph coupling of the order
λ ≈ 0.7.
We now examine the above scenario in the light of the
theoretical DMFT results. We consider the motion of one
electron added to the half-filled antiferromagnetic back-
ground and interacting a` la Holstein with local disper-
sionless phonons. Due to the particle-hole symmetry on
the parent Hubbard-Holstein Hamiltonian, such problem
is formally equivalent to consider one hole in the Holstein-
t-J model. Using the linear spin-wave approximation, we
can thus write the Hamiltonian as [11, 13]:
H =
t
2
√
z
∑
〈ij〉
(
h†jhiaj + h.c.
)
+
J˜
2
∑
i
a†iai +
+ g
∑
i
h†ihi
(
bi + b
†
i
)
+ ω0
∑
i
b†ibi, (1)
2where z is the coordination number, a† and b† are the
creation operators for boson spin defects and phonons re-
spectively, and h† is the single spinless charge operator.
A local el-ph coupling constant λ = g2/ω0t can be defined
as the polaron energy in units of the half-bandwidth t.
The parameter J˜ is an effective exchange interaction. It
is linked to the microscopic J by the relation J˜ = Jm,
where m is the average on-site magnetization which, in
the z ≫ 1 limit, is governed by the Curie-Weiss equation
m = tanh(βJm/4) with Ne´el temperature TN = J/4.
The one-particle Hamiltonian (1) can be thought to be
representative also for the finite doping case as far as we
are in the dilute limit, namely as far as the interparticle
distance dP−P is larger than the spin polaron size Lp.
For δ <∼ 0.14 this implies Lp <∼ 2.7 in units of the lattice
constant. We shall discuss later the validity of this con-
dition. A further implication of the finite doping regime
is that the effective exchange energy J˜ should be consid-
ered as renormalized by finite charge density effects, and
thus doping dependent J˜ = J˜(δ).
The Holstein-t-J Hamiltonian (1) is the basis to discuss
the physics of a spin/lattice polaron, namely a travelling
charge carrying along an on-site phonon cloud and sur-
rounded by a local destruction of the AF background of
size Lp. Different properties of this object can be inves-
tigated and, as a general rule, the choice of a particular
theoretical approach depends on which property is un-
der examination and on its feasibility to investigate it.
Quasi-particle dispersion, its relative spectral weight and
effective mass, for instance, are intrinsically related to the
coherent motion of the polaron as a whole. On the other
hand, the internal local structure of the spin/lattice po-
laron, responsible for the optical absorption at finite fre-
quency, is mainly related to incoherent processes which
can be safely caught by the dynamical mean-field ap-
proach, where coherent motion is disregarded [11, 13].
One of the main intriguing characteristics of the
spin/lattice polaron that can be captured by DMFT
within the context of the Holstein-t-J model [14] is
that the electron-phonon and the exchange interaction
act in a cooperative way to reduce the local hopping
amplitude, and hence to establish polaronic features
[8, 11, 13, 15, 16, 17, 18]. An interesting consequence
of this scenario is that lattice polaron features can be
in principle switched on and off by varying the magnetic
exchange coupling J˜ at given el-ph coupling λ. Our anal-
ysis shows that this is precisely what occurs in NCCO.
On the physical ground, the effective exchange coupling
depends on the charge doping δ and on the tempera-
ture T , in such a way that increasing δ and T leads to
a reduction of J˜ and hence to an increase of the spin
polaron size. In this context we interpret the pseudogap
temperature T ∗ as the highest temperature where the
spin polaron size Lp is smaller than the AF correlation
length ξAF. For T > T
∗ (Lp > ξAF) the charge mo-
tion does not probe anymore the AF environment and
δ 0.05 0.075 0.1 0.125
T ∗ (K) 440 340 300 200
J (meV) 152 117 103 69
Lp 0.14 0.19 0.27 1.01
dP−P 4.5 3.7 3.2 2.8
TABLE I: Doping evolution of experimental data and theoret-
ical parameters as function of doping δ. T ∗ is the pseudogap
temperature taken from Ref. [12], J is the theoretical esti-
mate of low temperature exchange coupling corresponding to
T ∗, Lp is the average number of spin defects, i.e. the spin
polaron size in units of the lattice constant, and dP−P is the
average particle-particle distance given by dP−P = 1/
√
δ, also
in units of the lattice constant.
a paramagnetic analysis with J˜ = m = 0 in enforced.
We can identify thus the experimental T ∗ with the Ne´el
temperature TN of the DMFT solution of the Holstein-
t-J model, where the AF correlation length jumps from
ξAF = 0 for T > TN to ξAF = ∞ for T ≤ TN and the
spin polaron size from Lp = ∞ for T > TN to a finite
value for T ≤ TN. Along this perspective we can deter-
mine the (doping dependent) low temperature effective
exchange energy J˜(T = 0) = J , where m = 1, from
the experimental temperature T ∗ = TN = J/4. The
estimates so obtained as function of δ, in good agree-
ment with experimental estimates [19], are collected in
Table I along with other characteristic quantities. The
temperature dependence of the magnetization can thus
be evaluated from the Curie-Weiss relation. From pho-
toemission spectroscopy we take a half-bandwidth value
t = 1 eV for NCCO [20, 21, 22], and we set also ω0 = 70
meV, consistent with the energy window of the optical
phonons in undoped cuprates. With these values, the
only free adjustable parameter results to be the electron-
phonon coupling constant λ. We are going to show that
the overall experimental scenario [12] is naturally repro-
duced within the context of a spin/lattice polaron by
assuming a doping-independent el-ph coupling λ = 0.7.
We would stress that this does not rule out a possible
weak dependence of λ on doping which would provide an
even stronger agreement with the experimental data.
It should be stressed that an el-ph coupling λ = 0.7,
at ω0/t = 0.07, is not sufficient to induce lattice po-
laron effects in the absence of exchange coupling since a
critical value λc = 0.91 is needed to establish a lattice
polaron state at J = 0 [23]. This means that lattice po-
laron features in these compounds can be found only in
the presence of (short-range) AF correlations and they
are effectively tuned by the doping dependent exchange
coupling J(δ). In order to show and quantify this issue
we plot in Fig. 1 the renormalized phonon probability
distribution function P (n) [
∑
n P (n) = 1] for different
values of the exchange coupling spanning the experimen-
30.01 0.1
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FIG. 1: Phonon distribution function P (n) (main panel) and
spin polaron size Lp (inset) as function of exchange coupling.
tal range of J (see Table I). The magnetic-induced lattice
polaron crossover occurs for J/t ≃ 0.083 (J = 83 meV
in energy units), where the P (n) changes abruptly from
a distribution peaked at n = 0 to a multiphonon broad
structure at finite n, typical of a polaronic lattice distor-
tion. The strong interplay between lattice and magnetic
degrees of freedom is also witnessed by the dependence
of the spin polaron size Lp on J at T = 0, obtained by
the Hellmann-Feynman theorem[13], as shown in the in-
set of Fig. 1. Here the onset of the lattice polaron for
J/t >∼ 0.083 leads to a further self-trapping localization of
the charge and to an abrupt drop of Lp in the polaronic
regime. Comparing the typical values of the exchange
energy estimated from the experimental data reported in
Table I, we can predict lattice polaron features, accompa-
nied by a very small amount of spin defects, for dopings
δ = 0.05, 0.075, 0.1 while at the larger doping δ = 0.125
spin/lattice polaron features are already remarkably re-
duced. It is also comforting to check that for all the dop-
ings considered in the present analysis δ = 0.05− 0.125,
both on the polaronic and on the non-polaronic side, the
estimate of the spin polaron size Lp is always smaller
than the average particle-particle distance dP−P (see Ta-
ble I), confirming the validity of the present one-particle
analysis in the dilute limit.
Let us now discuss the effects of the magnetic induced
lattice polaron formation on the optical conductivity. In
Fig. 2 we plot σ(ω) evaluated for the different exchange
couplings corresponding to different doping levels (see
Table I). We should stress, once more, that, due to the
local approximation enforced by the z =∞ DMFT limit,
only incoherent contributions to the OC are here taken
into account, so that no Drude-like peak is present. Dis-
regarding the coherent Drude peak, the resemblance with
the experimental data of Ref. [12] is remarkable. In par-
ticular we observe at low temperature a broad incoherent
shoulder in the MIR energy range which characterizes
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FIG. 2: (color online) Temperature evolution of the optical
conductivity σ(ω) for different exchange couplings (dopings)
and for (T ≤ T ∗): T = 90, 140, 190, 240, 290, 340, 390, 440 K).
Also shown is the optical conductivity at T = 540 K in the
normal state (dashed red line).
the pseudogap regime. Such feature represents the natu-
ral counterpart, in the optical data, of the broad multi-
phonon structure responsible for the incoherent peak ob-
served in ARPES, and is a natural signature of the onset
of the lattice polaron. Consistent with this picture, the
energy scale of such broad MIR band is reduced as pola-
ronic features are weakened upon doping (Fig. 2), which
causes a closing of the optical pseudogap. Also interest-
ing is the role of temperature, also reported in Fig. 2.
While the magnitude of the exchange coupling J rules
the energy scale of the MIR band [11] at low tempera-
ture, and hence drives the closing of the pseudogap with
δ, increasing the temperature for T < T ∗ leads to a filling
of the pseudogap itself (see in particular the upper panels
in Fig. 2), in good agreement with Ref. [12]. Eventually
for T > T ∗ there is a considerable smoothing of the OC
features with respect to the spectra at T ≈ T ∗.
Such temperature evolution can be nicely traced by
evaluating the “MIR optical spectral weight” WMIR,
which was defined in Ref. [12] as the optical spectral
weight between a low energy cut-off at ωlow = 0.12 eV
and a high-energy isosbestic point. Quite notably, the
temperature evolution of such spectral weight does not
show any signature of the AF long-range order at the
Ne´el temperature T expN , whereas a non-monotonic kink
at a higher temperature T ∗ is clearly visible. This ob-
servation can be naturally explained within the present
(local) polaronic approach, since the local polaron pro-
cesses responsible for the incoherent shoulder in Fig. 2
cannot distinguish between a short-range and long-range
AF ordering as long as Lp < ξAF. For the same rea-
sons, anomalies in WMIR could be expected at T >∼ T ∗
(T >∼ TN in our analysis) where Lp >∼ ξAF and the con-
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FIG. 3: Temperature dependence of ∆WMIR for different
exchange coupling corresponding to different doping levels.
Empty circles and black squares are obtained by integrating
σ(ω) in the [0.12,1] eV and in the [0,1] eV energy window,
respectively.
cept itself of a spin polaron breaks down. In order to
quantify this issue, in the absence of a corresponding isos-
bestic point in our data, we define WMIR as the optical
spectral weight between ωlow = 0.12 eV and a fixed high-
energy cut-off at ωhigh = 1 eV. We have checked that
different choices of ωhigh do not affect qualitatively our
results for δ = 0.05, 0.075, 0.1. The dependence on ωlow
and ωhigh for δ = 0.125 is explicitly discussed later. The
temperature evolution ofWMIR is shown in Fig. 3, where
we plot ∆WMIR = WMIR(T = 540 K)−WMIR(T ) to have
a direct comparison with Ref. [12]. The resemblance with
the experimental data is striking. For all dopings we find
that the reduction of ∆WMIR as function of T , which
reflects the filling of the pseudogap, is accompanied by
a change of behavior at T ∗. We associate such different
behaviors to two different regimes. In the high temper-
ature regime T > T ∗ polaronic effects are not operative:
increasing the temperature leads to the usual smearing of
the overall shape of the optical spectra, and thus to a de-
pletion of the spectral weight in the MIR energy window
(i.e. an increase of ∆WMIR). In the polaronic regime at
T < T ∗ this effect is counteracted by the stronger tem-
perature dependence of the polaronic effects. The latter
leads to a filling of the pseudogap, and therefore to an
increase ofWMIR (a decrease of ∆WMIR) upon increasing
the temperature. The competition between these two ef-
fects gives rise to a kink in the temperature evolution of
∆WMIR. Such kink is not clearly visible at the highest
doping δ = 0.125 in Fig. 3. This is due to the fact that,
in contrast to Ref. [12], in our data at δ = 0.125 the
weak polaronic MIR peak is at ω ≈ 0.08 eV, out of the
range [0.12:1] eV of the spectral weight integration. The
agreement with Ref. [12] is recovered by extending the
integration of ∆WMIR down to ωlow = 0 (black squares
in the last panel of Fig. 3).
In conclusion, in this paper we have analyzed the op-
tical data of the electron-doped cuprate Nd2−xCexCuO4
as function of doping and temperature by means of the
DMFT results for one electron in the Holstein-t-J model.
We have shown that the origin of the MIR band, the op-
tical pseudogap as well as its doping and temperature
dependence can be naturally explained in terms of a po-
laronic scenario resulting from the joint cooperation of
the el-ph and exchange interactions. From our analysis
we estimate an el-ph coupling of the order of λ ≃ 0.7.
Our results illustrate the relevance of the positive in-
terplay between lattice and spin degrees of freedom in
electron-doped cuprates, where the AF ordering extends
over a large doping window, making these compounds
ideal systems where to investigate such effects.
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